Abstract In the present research, we have studied the effect of deposition potential on the film composition, structural, and morphological properties of the electrodeposited Co-Cu thin films grown onto indium tin oxide coated glass substrates. For this purpose, the properties of the films were analyzed by means of X-ray diffraction, energy dispersive X-ray spectroscopy (EDX), and atomic force microscopy (AFM) characterization techniques. Structural characterizations showed that all of the Co-Cu films consist of hexagonal close-packed (hcp) Co and facecentered cubic (fcc) Cu phases. The hcp Co (002)/fcc Cu (111) peak intensity ratio was found to increase as the deposition potential decreased towards more negative values. An increase in the Co content in the Co-Cu films was observed as the applied deposition potential was made more negative according to EDX analysis. The decrease of the applied deposition potential towards more negative values also induced a decrease in the average crystallite sizes of both Co and Cu particles. AFM study indicated that a granular structure of the electrodeposited Co-Cu films regardless of deposition potential. As the applied deposition potential was made more negative, the surface roughness and particle size decreased considerably. Besides, two additional roughness parameters, surface kurtosis and the surface skewness were also obtained and discussed by means of the obtained results under the study.
Introduction
The characterization of Co-Cu magnetic thin film systems has attracted significant attention for a long time due to their fundamental scientific interest and potential applications in magnetic recording devices and magnetic sensors [1] [2] [3] . Electrodeposition is a versatile method for the production of such magnetic thin films and provides a number of advantages such as low cost, simplicity, and very high production rate in comparison with high vacuum growth techniques required expensive equipment [1, [4] [5] [6] [7] [8] [9] [10] [11] . It is well known that many physical and chemical parameters influence the properties of electrodeposited films. Cu-Co magnetic thin films have been the subject of many research studies and the effects of different growth parameters on the structural and magnetic properties have been studied. The deposition potential is one of the most important growth parameters, which is strongly affected the properties of electrodeposited films [1] . In recent studies, the effect of deposition potential on the properties of Co-Cu films electrodeposited onto different substrates such as fluorine-doped tin oxide coated glass [12] , n-Si(100) [1] and Cu sheets [10, 13] has been reported. On the other hand, surface roughness of materials is well known to influence their properties such as the resistivity, scattering, and electron mobility [14] and moreover, the surface roughness is influenced strongly by the growth parameters. Therefore, in this work, the effect of deposition potential on structural and surface morphological properties of electrodeposited Co-Cu films prepared from the electrolyte of sulfate salts onto indium tin oxide (ITO) coated glass substrates was analyzed. For this purpose, Co-Cu films were electrodeposited at three different deposition potentials such as -1,000, -1,200, and -1,400 mV versus saturated calomel electrode (SCE). We showed that the average crystallite size, film composition, microstructure, and surface roughness parameters of Co-Cu thin films electrodeposited onto ITO coated glass substrates strongly affected by the deposition potential applied during the electroplating process.
Experimental
The electrodeposition of Co-Cu films was performed in a conventional three-electrode cell system at room temperature. The electrodeposition process was potentiostatically controlled using a potentiostat/galvonastat (VersaSTAT 3) with computer control. A platinum wire was served as counter electrode. Throughout the electroplating process a SCE was used as the reference electrode. All deposition potentials are referred to this electrode. The substrate for the electrodeposition (working electrode) was ITO coated glass with a working area of about 0.64 cm 2 . Before electroplating process, the substrate surface was cleaned in the medium for 5 min in acetone, 5 min in ethanol and then ultrasonically rinsed with deionized water. Co-Cu films were electrodeposited using the electrolyte composition consisting of 0.3 M Co sulfate, 0.03 M Cu sulfate, and 0.2 M boric acid. All electrolyte solutions were freshly prepared with deionized water. The films were electrodeposited at different deposition potential of -1,000, -1,200, and -1,400 mV versus SCE. The pH and temperature of the freshly prepared deposition solution were measured with an electronic pH-meter (Hanna Instrument, HI 221 model). The pH and temperature were measured as 4.5 ± 0.1 and 25 ± 1°C, respectively. However, it was observed that the pH of the deposition solution reduces during the electroplating process of films. The additives may affect the electrodeposition reaction. Therefore, we did not use any additive to obtain the stable electrolyte pH during the deposition process. The electroplating time was adjusted to achieve equal cathodic charge using Faraday's law, resulting a film thickness of about 400 nm for all deposition potentials.
The X-ray diffraction (XRD) analysis was used to investigate the microstructural properties of the films with the help of a Panalytical-Empyrean XRD diffractometer with Cu-Ka radiation. The XRD data were recorded in a range from 42°to 54°with a step width of 0.05°The surface morphology was analyzed using an atomic force microscopy (AFM) (Multimode V of Veeco) in tappingmode under the ambient pressure and the temperature. To avoid possible oxidation of the surfaces, AFM analysis was done immediately after the electroplating of the films. AFM images were obtained over a scan area of 2 lm 9 2 lm. The topographic AFM images were further processed and analyzed with WSxM software (Version 4.0) [15] , including the calculation of surface roughness parameters such as root-mean-square (RMS) roughness, average roughness, surface skewness, and surface kurtosis. X-ray spectroscopy (EDX) analysis was used to investigate the chemical composition of the Co-Cu films as a function of deposition potential.
Results and discussion
In this study, Co-Cu films were electrodeposited at different deposition potentials such as -1,000, -1,200 and, -1,400 mV versus SCE and its effect on the film composition, surface morphological, and microstructural properties of two-phase Co-Cu films was reported. In the first step of this investigation, cyclic voltammetry (CV) curve of the electrolyte used for the production of the Co-Cu thin films was obtained in order to find appropriate deposition potentials for the deposition of Co-Cu films. The potential sweep rate was 20 mV/s. The CV curve (cathodic sweep) of the electrolyte is shown in Fig. 1 . As can be seen in the figure, the first decrease of the current takes place at the potential more negative than around -0.3 V (vs. SCE), which is ascribed to the reduction of Cu ?2 ions. Then for the potential around -0.9 V, the cathodic current begins to decrease towards more negative values due to the Co deposition and possibly also because of H 2 evolution. Based on potentiodynamic measurements, the deposition potential of Co-Cu thin films was chosen in the range of -1.0 to -1.4 V versus SCE. Galvanostatic potential-time transients were also obtained with respect to electroplating time during the deposition process. The potentiostatic current-time transients of the films for different deposition potentials recorded for the first 20 s of electroplating process are shown in Fig. 2 . The current is observed to remain The chemical composition of the films was determined by means of EDX. The results of EDX measurements are shown in Fig. 3 as a function of deposition potential. It is clearly seen from Fig. 3 that the Co content increases and the Cu content decreases as the deposition potential decreases towards more negative values. A decrease in the current density towards more negative values with the deposition potential gives rise to Co-Cu films with higher Co contents (see Fig. 2 ). It is well known that the Co-Cu films are cobalt-rich when the films were deposited at more negative deposition potentials. An increase in the Co content within the Co-Cu films with decreasing deposition potential towards more negative values was also observed in previous published studies [1, 10, 12, 13] . Accordingly, it can be clearly said that the deposition potential has a significant effect on the controlling the chemical composition of the films, consequently the surface morphologies of Co-Cu films.
The structural features of the electrodeposited Co-Cu films with respect to deposition potential were obtained using XRD measurements. The XRD patterns of the CoCu films electrodeposited at different deposition potentials are indicated in Fig. 4 . The films are polycrystalline irrespective of deposition potential. The XRD patterns given in Fig. 4 reveal that the Co-Cu films consist of hexagonal close-packed (hcp) Co and face-centered cubic (fcc) Cu phases. On the other hand, the peak intensities of fcc Cu (111) and hcp Co (002) phases change with the applied Fig. 2 Potentiostatic current-time transients of electrodeposited CoCu thin films as a function of deposition potential Fig. 3 The variation of the Cu and Co contents within the Co-Cu films with respect to deposition potential. All lines are guide for the eye Fig. 4 XRD patterns of electrodeposited Co-Cu thin films prepared at different deposition potentials Fig. 5 The variation of the normalized peak intensity ratio with respect to deposition potential. All lines are guide for the eye
deposition potential as shown in Fig. 4 . Therefore, the normalized peak intensity ratios were determined from the ratio of the peak intensity of hcp Co (002) to the fcc Cu (111). Figure 5 indicates the variation of the normalized peak intensity ratio with respect to applied deposition potential. The normalized peak intensity ratio increases significantly with decreasing deposition potential towards more negative values. As a result of the structural analysis, it can be suggested that the normalized peak intensity ratio increases as the deposition potential decreases towards more negative values, probably due to the increase of Co content within the films as seen in EDX data. The average crystallite sizes of both Cu and Co particles of the films as a function of deposition potential were calculated from the peak broadening of the fcc Cu (111) and hcp Co (002) peaks using Scherrer equation, respectively [16] . The calculated average crystallite sizes as a function of deposition potential are shown in Fig. 6 . The average crystallite sizes are on the nanometer scale, ranging from 9 to 34.1 nm, indicating that all films have a nanocrystalline structure regardless of deposition potential. Besides, a decrease in the deposition potential towards more negative values results in a decrease in the average crystallite sizes of both Cu and Co particles of the films. However, the average crystallite sizes of Co particles decreases only from 34.1 to 32 nm, while the average crystallite sizes of Cu particles decrease from 17.3 to 9 nm with decreasing deposition potential towards more negative values, indicating that the crystallite size of Cu particles decreases more quickly compared with that of Co particles. Similar results were found in electrodeposited Fe-Cu [17] and Co-Cu [1, 2] films grown at different current densities and deposition potentials. Besides, it is also clearly seen from Fig. 6 that the average crystallite sizes of Cu particles are lower than average crystallite sizes of Co particles irrespective of deposition potential.
Surface morphology is probably one of the most important properties of electrodeposited thin films. For this purpose, AFM characterization technique was used to investigate the effect of deposition potential on the surface morphological properties of the Co-Cu films. Figure 7 shows the three-dimensional AFM images of the electrodeposited Co-Cu films prepared at different deposition potentials over a scan area of 2 lm 9 2 lm. The AFM images revealed that a granular structure of the electrodeposited Co-Cu films for all deposition potentials. However, the sizes of the particles formed on the film surfaces are affected considerably by the deposition potential applied during electroplating process. As can be clearly seen from Fig. 7 , the sizes of the particles decreased significantly with decreasing deposition potential towards more negative Fig. 6 The variation of the average crystallite sizes of Cu and Co particles as a function of deposition potential. All lines are guide for the eye Fig. 7 Three-dimensional AFM topographic images of electrodeposited Co-Cu thin films prepared at different deposition potentials a -1,000 mV, b -1,200 mV, and c -1,400 mV versus SCE, respectively values. A decrease in deposition potential towards more negative values gives rise to higher nucleation density, which leads to the formation of smaller particles. This decrease in the particle sizes contributes to the decrease of the surface roughness of the films. Figure 8 shows the evolution of the RMS and average roughness values of the films as a function of the deposition potential. As shown from Fig. 8 , the surface roughness of the films decreases significantly with decreasing deposition potential towards more negative values, consequently with increasing Co concentration within the films. The decrease of surface roughness agrees well with the decrease in particle sizes observed from the AFM images.
Besides, two additional roughness parameters such as surface skewness and surface kurtosis were also obtained in order to further investigate the surface morphological structure of electrodeposited Co-Cu films with respect to deposition potential. The statistical analysis of AFM data was performed using the height distribution histograms depicted in Fig. 9 . The height asymmetry can be characterized by the surface skewness and surface kurtosis from the quantitative surface roughness parameters [18] [19] [20] . If the surface heights are normally distributed (following a Gaussian distribution), the skewness and kurstosis values are equal to 0 and 3, respectively [20, 21] . A surface with predominantly peaks shows a positive skewness value, whereas for a surface with predominantly deep valleys it takes a negative value [21, 22] . On the other hand, a surface with a narrow height distribution has a kurtosis value higher than 3, whereas a surface with well spread out height distribution has a kurtosis value of smaller than 3 [23] . The evolution of skewness and kurtosis values obtained in the present study is shown in Fig. 10 . The skewness is positive for all films electrodeposited at different deposition potentials, indicating that the peaks are dominant on the film surfaces. The surface of the film deposited at the deposition potential of -1,000 mV versus SCE has a kurtosis value of \3, while the surface of the films prepared at the deposition potentials of -1,200 and -1,400 mV versus SCE has a kurtosis value of [3. These results show that the film surface has well spread out height distribution at the deposition potential of -1,000 mV versus SCE, however, the film surfaces have narrow height distributions at more negative deposition potentials. Besides, it is well known that the deposit surfaces with positive skewness values above 0.2 and high kurtosis values above 3 are suitable for tribological applications (e.g., low-friction bearings) [19] . In the present study, the films electrodeposited at more negative deposition potentials are close to these criteria (see Fig. 10 ). Especially, it may be said that the electrodeposited Co-Cu film prepared at the deposition potential of -1,400 mV versus SCE, which has high kurtosis, positive skewness and minimum roughness values, may be a potential material suitable for tribological applications.
Conclusions
We investigated the variations of the microstructural, compositional, and morphological properties of electrodeposited Co-Cu films prepared at different deposition potentials onto ITO coated glass substrates. The variation of deposition potential applied during electroplating process changes significantly chemical composition, microstructural, and morphological properties of electrodeposited Co-Cu films. XRD patterns revealed that the Co-Cu films exhibit a mixture of fcc Cu and hcp Co phases regardless of deposition potential. However, the hcp Co (002)/fcc Cu (111) peak intensity ratio increased as the deposition potential decreased towards more negative values. An increase in the Co content within the Co-Cu films was found with decreasing deposition potential towards more negative values. The average crystallite sizes of both Co and Cu particles were found to decrease as the deposition potential was made more negative. AFM studies showed a strong dependence of the surface roughness of the Co-Cu films on the deposition potential. The surface roughness and particle sizes decreased considerably as the deposition potential decreased towards more negative values. The film surface has well spread out height distribution at the deposition potential of -1,000 mV versus SCE, while the film surfaces have narrow height distributions at more negative deposition potentials of -1,200 and -1,400 mV versus SCE. The statistical analysis of the AFM data also indicated that the Co-Cu film electrodeposited at more negative deposition potential of -1,400 mV versus SCE, which has high kurtosis, positive skewness and minimum roughness, may be a potential material suitable for tribological applications. Accordingly, it is concluded that the morphological and microstructural properties of electrodeposited Co-Cu films grown onto ITO coated glass substrates are affected significantly by the deposition potential. At different deposition potentials the concentration of Cu:Co within the films varied and this effect determined the final deposit properties investigated in the present study. The results obtained in the present study showed that it is possible to control the compositional, morphological, and microstructural properties of electrodeposited Co-Cu films by adjusting deposition potential applied during electroplating process. Fig. 10 The evolution of the surface skewness and surface kurtosis with respect to deposition potential. All lines are guide for the eye
